The iterative formation of nephrons during embryonic development relies on continual replenishment of progenitor cells throughout nephrogenesis. Defining molecular mechanisms that maintain and regulate this progenitor pool is essential to understanding nephrogenesis in developmental and regenerative contexts. Maintenance of nephron progenitors is absolutely dependent on BMP7 signaling, and Bmp7-null mice exhibit rapid loss of progenitors. However, the signal transduction machinery operating downstream of BMP7 as well as the precise target cell remain undefined. Using a novel primary progenitor isolation system, we have investigated signal transduction and biological outcomes elicited by BMP7. We find that BMP7 directly and rapidly activates JNK signaling in nephron progenitors resulting in phosphorylation of Jun and ATF2 transcription factors. This signaling results in the accumulation of cyclin D3 and subsequent proliferation of PAX2 + progenitors, inversely correlating with the loss of nephron progenitors seen in the Bmp7-null kidney. Activation of Jun and ATF2 is severely diminished in Bmp7-null kidneys, providing an important in vivo correlate. BMP7 thus promotes proliferation directly in nephron progenitors by activating the JNK signaling circuitry.
INTRODUCTION
Development of the mammalian permanent kidney, or metanephros, is initiated at embryonic day (E) 10.5 in the mouse. Reciprocal interactions between the ureteric bud and the metanephric mesenchyme, both derivatives of the intermediate mesoderm, drive and organize the process of kidney development (Dressler, 2006; Saxén, 1987; Vainio and Lin, 2002) . Nephron progenitors, known collectively as cap mesenchyme, originate from the metanephric mesenchyme and are induced by the ureteric bud to differentiate, ultimately giving rise to the epithelial components of the nephron, the functional unit of the kidney. Cap mesenchyme in turn induces branching of the ureteric bud, which forms the collecting duct system of the mature kidney. To sustain nephrogenesis throughout kidney development, nephron progenitors must continually be replenished while simultaneously allowing differentiation of new nephrons. In the developing kidney, the formation of new nephrons occurs exclusively in the cortical aspect of the organ where cap mesenchyme is situated adjacent to collecting duct tips. This region, known as the nephrogenic zone (NZ), can be considered the niche for nephron progenitors, delicately balancing their fates until nephrogenesis is complete.
A number of growth factors regulate this balance, including members of the Wnt family, fibroblast growth factors (FGFs) and bone morphogenetic proteins (BMPs) (Carroll et al., 2005; Dudley et al., 1995; Grieshammer et al., 2005; Luo et al., 1995; Perantoni et al., 2005) . BMPs belong to the transforming growth factor  (TGF) superfamily of cytokines that regulate an array of cellular processes during development, including proliferation and differentiation (Massague, 1998) . BMPs signal through cell surface serine/ threonine kinase receptors, which activate receptorassociated SMAD transcription factors (R-SMADs) through phosphorylation. TGF and activin signal through R-SMAD2 and R-SMAD3, whereas BMPs activate R-SMAD1, R-SMAD5 and R-SMAD8. Upon phosphorylation, R-SMADs form a complex with SMAD4, resulting in nuclear accumulation and modification of target gene transcription. Although the SMAD signaling circuitry is undoubtedly the best characterized to date, components of the mitogen-activated protein kinase (MAPK) pathway, most prominently Jun (also known as c-jun) N-terminal kinases (JNKs) and p38, can be activated by both TGF and BMPs (Derynck and Zhang, 2003; Massague and Chen, 2000; Yamaguchi et al., 1995) .
In the developing kidney, BMP7 is required for replenishment of the nephron progenitor compartment during nephrogenesis (Dudley et al., 1999) . Despite normal initiation of metanephric development and formation of a limited number of nephrons, progenitors are prematurely depleted in the Bmp7-null mouse, resulting in severe renal dysplasia (Dudley et al., 1995) . Definition of the signaling events underlying this phenotype is an essential step towards understanding pathways regulating nephron progenitor renewal. Surprisingly, we have found that the NZ is essentially unresponsive to SMAD-mediated transcriptional activation (Blank et al., 2008) . This intriguing finding prompted us to investigate whether alternate signaling pathways, activated by BMP7, regulate progenitor cell survival and proliferation. Using a novel system to purify cells from the NZ of developing kidneys, we have investigated both the identities of signaling pathways activated by BMP7 in the NZ, and the biological consequences of this pathway activation. In analogy with findings made using an in vivo BMP reporter (Blank et al., 2008) , cells isolated from the nephrogenic zone (NZ), collectively referred to as NZ cells, appear refractory to SMAD-mediated transcriptional activation. However, BMP7 rapidly activates JNK signaling, resulting in phosphorylation of both Jun and ATF2. Furthermore, BMP7 promotes proliferation of PAX2 + nephron progenitor cells through a mechanism involving TAK1-mediated JNK activation. In vivo, phosphorylation of both Jun and ATF2 in BMP7 promotes proliferation of nephron progenitor cells via a JNK-dependent mechanism the cap mesenchyme of Bmp7-null kidneys is significantly impaired compared with that in the wild type. We therefore propose that BMP7 promotes proliferation of nephron progenitors by directly activating the JNK-Jun-ATF2 signaling axis in these cells. Our findings translate directly to the phenotype observed in the Bmp7-null mouse, providing a novel explanation for the deficiency of nephron progenitors during kidney development.
MATERIALS AND METHODS

Isolation of nephrogenic zone cells
Kidneys from E17.5 embryos were dissected into HBSS (Gibco) and the capsule was removed. Subsequently kidneys were incubated in PBS containing 1% pancreatin (Sigma) and 0.25% collagenase A (Roche) for 15 minutes at 37°C on a rocking platform. Cells in suspension were removed; 5 l DNase (Invitrogen) was added together with fetal calf serum (FCS, HyClone) to a final concentration of 5%. Remaining cell aggregates were dissociated mechanically by pipetting a few times and then cells were incubated for another 10 minutes at 37°C on a rocking platform. Cells were pelleted and washed once in HBSS containing 5% FCS. Before plating cells were filtered through a 40 m cell strainer (BD Biosciences).
Cell culture
Nephrogenic zone cells (NZCs) were cultured under serum-free conditions in keratinocyte SFM (Gibco) supplemented with 2 mM L-glutamine (Invitrogen), 100 U/ml penicillin (Sigma), 100 g/ml streptomycin (Sigma). Cells were seeded at a concentration of 0.4-0.6ϫ10 6 cells/ml on plates precoated with fibronectin (BD Biosciences). Recombinant human BMP7 (R&D Systems) was used at a concentration of 50 ng/ml. JNK inhibitor was purchased from Calbiochem and used at a concentration of 10 M. TAK1 inhibitor was used at a concentration of 0.5 M (Analyticon Discovery). Dorsomorphin (Sigma) was used at 20 M.
Flow cytometry
Dead cells were excluded by staining with 7-aminoactinomycin D (7-AAD, Sigma). Samples were collected on a FACSCalibur (BD) and data were subsequently analyzed using FlowJo software.
Immunofluorescence
Cells were fixed in 4% paraformaldehyde directly in the cell culture well for 15 minutes at room temperature and subsequently permeabilized for 10 minutes in PBS containing 0.3% Triton X-100 (VWR International). Cells were blocked in PBS containing 5% chicken and/or goat or donkey serum (Jackson ImmunoResearch). Primary antibodies were diluted in blocking solution as above at the following dilutions: phospho-SMAD1/SMAD5/ SMAD8, 1:50 (Cell Signaling Technology); phospho-Jun, 1:50 (Cell Signaling Technology); phospho-histone-H3, 1:100 (Cell Signaling Technology); Pax8, 1:100 (Proteintech Group); Pax2, 1:100 (Zymed); Ecadherin, 1:50 (BD Transduction Laboratories); Six2, 1:50 (Santa Cruz). Alexa Fluor 488-and/or 568-conjugated secondary antibodies were used for detection of labeled cells (Molecular Probes). Nuclei were stained using DAPI (Molecular Probes).
Immunofluorescence (paraffin-embedded sections)
Paraffin-embedded sections were processed as previously described (Blank et al., 2008) . Sections were blocked in 1ϫ Tris-buffered saline (TBS) containing 0.1% Tween (Sigma), 1% bovine serum albumin (BSA; Jackson ImmunoResearch), 5% goat serum (Jackson ImmunoResearch) for 30 minutes. Incubation with streptavidin-biotin blocking solutions was carried out according to the manufacturer's instructions (Vector Laboratories). Subsequently, sections were incubated for 2 hours at room temperature in the presence of primary antibodies diluted in blocking solution as follows: phospho-Jun (1:100), phospho-ATF2 (1:100), phospho-SMAD1/SMAD5/ SMAD8 (1:50), phospho-histone-H3 (1:100), Pax2 (1:200) . Biotinylated dolichos biflorus agglutinin (DBA; Vector Laboratories) was diluted 1:200. Secondary antibodies were used as above and Alexa Fluor 488-conjugated streptavidin (Invitrogen) was used at 1:200. Nuclei were stained using DAPI as above. Sections were mounted using Vectashield (Vector Laboratories).
Quantitative RT-PCR
RNA was extracted using Trizol (Invitrogen) according to manufacturer's protocol. Samples were treated with DNase using a DNA-free kit (Ambion). cDNA synthesis was carried out in the presence of Oligo(dT) using Superscript II reverse transcriptase (Invitrogen) according to the manufacturer's protocol. Quantitative PCRs were performed on a iQ iCycler using iQ SYBR Green Supermix (Bio-Rad). Each assay was performed in triplicate and normalized to -actin levels. -actin forward primer, GGCTGTATTCCCCTCCATCG; reverse primer CCAGTTGGTAACA -ATGCCATGT. Id1 forward primer, CCTAGCTGTTCGCTGAAGGC; reverse primer, CTCCGACAGACCAAGTACCAC.
Western blots
NZCs were stimulated with indicated growth factors. Total protein was extracted as previously described (Blank et al., 2008) . Antibodies against phosphorylated SMAD1/SMAD5/SMAD8, phosphorylated JNK, phosphorylated p38, phosphorylated Jun, phosphorylated ATF2, cleaved caspase-3, cyclin D3 and XIAP were all from Cell Signaling Technology, anti--tubulin was purchased from Santa Cruz, anti-TAK1 was from Upstate, anti-TAB1 from ProSci and anti-HA from Covance.
X-gal staining
Cells were pre-fixed for 15 minutes in 1% formaldehyde, 0.2% glutaraldehyde. After brief washing cells were stained in 0.5 mg/ml X-gal at 37°C overnight.
Adenoviral vectors and transduction
The previously described dominant-negative kinase-defective form of TAK1 (Yamaguchi et al., 1995) (kindly provided by Jun Ninomya-Tsuji) was cloned into pENTR D/TOPO (Invitrogen). Subsequently, the Gateway Technology System (Invitrogen) was used to produce pAd/CMV/V5-dnTAK1 for production of adenovirus, according to the manufacturer's instructions. Transduction of NZCs was carried out for 36 hours at an MOI of 50 in fibronectin-coated wells using serum-free medium as described.
Mouse strains
Animal care in accordance with the National Research Council Guide for the Care and Use of Laboratory Animals was approved by the Institutional Animal Care and Use Committee of Maine Medical Center.
Statistical analyses
Data were analyzed using Student's t-test. P<0.05 was considered significant.
RESULTS
Isolation and characterization of cells derived from the nephrogenic zone niche
To study signaling pathways that regulate progenitor cell fate decisions in the developing kidney, an in vitro system for culture of NZ cells, in isolation from the collecting duct, or inducer, is required. A protocol for limited enzymatic digestion was devised to allow dissociation of E17.5 NZ cells with minimal contamination of cells from collecting ducts and differentiating nephrons. The identities of cells within the population of single cells isolated from the outermost layer of the kidney was determined using reporter mouse strains marking distinct cellular compartments within the NZ (Fig. 1A) . The contribution of stromal cells was assessed by isolating NZ cells from the stromaspecific Foxd1 +/lacZ reporter strain (Hatini et al., 1996 showed exposed but intact collecting duct tips that were free of the overlying NZ (Fig. 1E ). The viability of NZ cells at harvest, evaluated by FACS analysis of 7AAD exclusion, was 95% on average ( Fig. 1F ). This represents a novel and efficient method to purify cells of the E17.5 NZ, essentially in isolation from cells of the collecting duct (Fig. 1G ). Using this purified cell population, we sought to establish an in vitro model of the progenitor cell niche of the developing kidney.
Establishing the nephrogenic zone niche in vitro
To evaluate culture conditions that best maintain nephron progenitor cells in vitro, we evaluated the potential of a number of growth conditions to maintain actively Bmp7-expressing cells after 24-48 hours of culture. A number of different surface coatings [gelatin (Sigma), collagen I, collagen IV, matrigel and fibronectin (all from BD BioSciences)] were tested in combination with different media [knockout-DMEM 10% serum replacement (Gibco); DMEM 10% FCS (Hyclone); keratinocyte serum-free (Gibco)]. All combinations were tested and the combination of fibronectin with keratinocyte serum-free medium resulted in the most robust maintenance of Bmp7-expressing cells after 24 and 48 hours of culture. Therefore, serum-free culture conditions in combination with fibronectin surface coating were chosen for all subsequent experiments. To characterize NZ cells following culture, we analyzed a variety of markers expressed by either undifferentiated cap mesenchyme or differentiating cells in vivo. The homeobox gene Six2 is expressed in cap mesenchyme throughout kidney development and is required for renewal of nephron progenitors (Kobayashi et al., 2008; Self et al., 2006) . SIX2 thus serves as a convenient marker for undifferentiated nephron progenitors. Immunofluorescence staining of NZ cells 16 hours after plating revealed a significant portion of SIX2 + cells similar to the frequency of Bmp7-expressing cells (Fig.  1H) , confirming that undifferentiated nephron progenitor cells are maintained under these culture conditions. The SIX2 + population was comprised of small rounded cells morphologically distinct from SIX2 -cells, which were flattened and larger. Furthermore, PAX2, a transcription factor of the paired-box family that is expressed in condensing mesenchyme in vivo (Dressler and Douglass, 1992) , was robustly expressed among NZ cells (see Fig. S1A in the supplementary material). Importantly, SIX2
+ cells showed coexpression with PAX2 (Fig. 1I) .
Pax8, another member of the paired-box transcription factor family, is upregulated upon differentiation and tubule formation, and is downstream of Wnt4 expression (Stark et al., 1994) . Using PAX8 as a marker of nephron differentiation, we found that NZ cells contained a population of differentiated cells with epithelial morphology that formed scattered clusters after 16 hours of culture (see Fig. S1B in the supplementary material). In addition, Ecadherin, which is expressed in developing tubules (Vestweber et al., 1985) was expressed intensely by cells within the epithelial clusters, strongly suggesting that these cells indeed represent differentiating cells undergoing epithelialization (see Fig. S1C in the supplementary material). Interestingly, by filtering the NZ cells at harvest through a 40 m cell strainer, the majority of PAX8
+ and Ecadherin + cells could be eliminated (see Fig. S1B ,C in the supplementary material). To further enrich for undifferentiated nephron progenitors we thus incorporated a filtering step before plating NZ cells.
Taken together, we show that a large population of undifferentiated nephron progenitors faithfully expressing SIX2 and PAX2 are contained within the NZ niche culture. Differentiating cells expressing PAX8 and E-cadherin are confined to cell aggregates, most of which can be eliminated by filtration at the time of harvest.
NZ cells are refractory to SMAD-mediated BMP signaling
The NZ is essentially unresponsive at the transcriptional level to SMAD-mediated BMP signaling (Blank et al., 2008 ), yet paradoxically Bmp7 is absolutely required to sustain nephrogenesis and continued growth of the kidney during development. In organ explant studies using BMP reporter mice, the cap mesenchyme is refractory to exogenous administration of BMP4, whereas stromal cells respond actively (Blank et al., 2008) . To ascertain whether ex vivo NZ cells respond in the same way to BMP stimulation, we isolated NZ cells and stimulated them in vitro with BMP7. Western blot analysis revealed robust phosphorylation of SMAD1/SMAD5/SMAD8, indicating that the SMAD signal transduction machinery can indeed be activated in NZ cells in vitro ( Fig. 2A) . This is further corroborated by immunofluorescence staining of NZ cells, showing that both SIX2 + and SIX2 -populations exhibited nuclear accumulation of phospho-SMAD1/SMAD5/SMAD8 (Fig. 2B) . Furthermore, phospho-SMAD1/SMAD5/SMAD8 could be weakly detected in the NZ by immunofluorescence staining of wild-type kidney sections at E17.5 (Fig. 2C) (Fig. 2D) . Similarly, NZ cells isolated from the BMP reporter remained unresponsive to exogenous BMP7, with the exception of a few scattered cells with stromal or epithelial morphology, which responded robustly to BMP7 treatment, as determined by X-gal staining (Fig. 2E) . The less than twofold induction of Id1 observed in NZ cells is therefore probably due to the response of a minority of differentiating cells and stromal cells. Thus, our data indicate that SMAD1/SMAD5/SMAD8 can be activated in cap mesenchyme in vivo and in NZ cells in vitro, but this does not lead to transcriptional activation of Id1 (or Id2 and Id3, data not shown). We conclude that NZ cells in vitro recapitulate the characteristics of BMP signaling in the NZ in vivo. Having verified this, we next explored alternative signaling pathways activated downstream of BMP7 using this primary cell culture system.
BMP7 activates the JNK signaling pathway
Members of the TGF superfamily of ligands have previously been reported to activate MAPK signaling pathways, including both p38 and JNK signaling branches, through a TAK1-mediated mechanism (Yamaguchi et al., 1995) . Interestingly, TAK1 is expressed in the developing kidney (Jadrich et al., 2003) and western blot analyses indicate that TAK1, as well as other components involved in mediating TAK1-signals, such as XIAP and TAB1 (Yamaguchi et al., 1999) , are expressed in NZ cells (Fig. 3A) . We therefore investigated the activation of p38 and JNK pathways in response to BMP7 in NZ cells. Whereas phosphorylation of p38 was not significantly changed by BMP7 treatment at any of the time-points tested (5-30 minutes), JNK isoforms of both 46 kDa and 56 kDa in size were rapidly activated by BMP7, with signaling peaking at 5-10 minutes after BMP7 exposure (Fig. 3B) . Importantly, activation of JNK signaling occurred before phosphorylation of SMAD1/SMAD5/SMAD8, which culminated 20-30 minutes after
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BMP7 exposure, suggesting that JNK activation occurs independently of SMAD signaling (Fig. 3C) . Downstream transcriptional targets, including both Jun and ATF2 were phosphorylated within 15-20 minutes after addition of BMP7 (Fig.  3D ). BMP7 can thus rapidly and specifically activate the JNK signaling pathway in NZ cells, resulting in downstream activation of both Jun and ATF2. To ascertain whether BMP7-mediated phosphorylation of JNK in NZ cells was dependent on TAK1, we overexpressed a dominant-negative kinase-defective form of TAK1 (Yamaguchi et al., 1995) , by adenoviral transduction. Transduction efficiency was monitored by flow cytometry using the corresponding GFP adenoviral vector and reached 55% at 36 hours (see Fig. S2 in the supplementary material). Following transduction, cells were stimulated with or without BMP7 for 5-30 minutes, and the phosphorylation status of JNK was subsequently analyzed by western blotting. NZ cells transduced with the control GFP vector exhibited rapid phosphorylation of JNK (Fig. 3E) . However, overexpression of dominant-negative TAK1 resulted in impaired activation of all JNK isoforms (Fig. 3E) , verifying that TAK1 is indeed required for BMP7-mediated JNK activation in NZ cells.
SIX2 + cells are the primary targets of BMP7-induced JNK activation
To further analyze which population of cells within NZ cells responds to BMP7 by JNK activation, we performed immunofluorescence co-staining for phosphorylated JNK and SIX2. In unstimulated NZ cells, limited activation of JNK signaling was found primarily in the SIX2 + population (Fig. 3F ). Upon stimulation with BMP7, SIX2 + cells exhibited a clear nuclear localization of phosphorylated JNK. Weak signaling was also found in the cytoplasm of SIX2 -cells. This confirms that the SIX2 + population of nephrogenic progenitors is the primary target of BMP7-activated JNK signaling.
BMP7 mediates proliferation of PAX2
+ cells through a TAK1-JNK-dependent mechanism BMP7 is a maintenance factor for cap mesenchyme (Dudley et al., 1995) . However, in the Bmp7-null kidney, both increased cell death and decreased renewal of nephron progenitors can be seen (Dudley et al., 1995; Luo et al., 1995) , and a potential role for BMP7 as a proliferative factor has never been dissociated from its role as a 3561 RESEARCH ARTICLE BMP7 in the nephrogenic zone possible survival factor. JNK signaling has previously been implicated in proliferation, because MEFs deficient in both Jnk1 and Jnk2 exhibit reduced proliferation (Tournier et al., 2000) . Furthermore, the JNK pathway has previously been reported to regulate the size of colonies derived from SALL1 + renal progenitors in vitro (Osafune et al., 2006) . To investigate the relationship between BMP7 and proliferation and to ascertain the role of TAK1-mediated JNK activation in mediating this process, we examined the proliferative response of NZ cells to BMP7. Wild-type NZ cells were cultured with or without BMP7 in the presence or absence of a JNK inhibitor or a TAK1 inhibitor for 16-18 hours. Subsequently, phosphorylated histone H3 (phospho-HH3)-positive mitotic cells were counted, and numbers were normalized to the total number of cells in each treatment group. NZ cells cultured in the presence of BMP7 exhibited a significant increase in the number of proliferating cells compared with untreated controls (P0.002, Fig. 4A ). This effect was completely abrogated upon addition of either JNK inhibitor or TAK1 inhibitor, with numbers returning to baseline (Fig.  4A) . To determine whether the proliferative effect of BMP7 was taking place in the progenitor population, PAX2 + phospho-HH3 + cells were quantified (Fig. 4B) . Among PAX2 + cells, addition of BMP7 resulted in an even larger increase of phospho-HH3 + cells, compared with the total NZ cell population. Addition of inhibitors of either JNK or TAK1 completely eliminated this effect (Fig. 4B) . Furthermore, immunofluorescence staining of phospho-HH3 in conjunction with SIX2 revealed that the majority of phospho-HH3 + cells resided within the SIX2 + compartment of NZ cells (Fig. 4C) , although a smaller fraction of SIX2 -cells was also proliferative (data not shown). In addition, cyclin D3 (CCND3) was increased at the protein level after 2 and 6 hours of BMP7 stimulation (Fig. 4D ). This effect was abrogated upon addition of JNK inhibitor (Fig. 4D ), further substantiating a role for BMP7 in promoting proliferation through the JNK signaling pathway. Addition of BMP7 or JNK inhibitors did not alter the overall survival of NZ cells, because no difference in 7AAD uptake was observed upon FACS analyses of NZ cells (Fig. 4E) . Similarly, the abundance of cleaved caspase-3 was not significantly different between treatment groups, although untreated cells exhibited slightly less cleaved caspase-3 (Fig. 4F) . In summary, these data demonstrate that BMP7, via a JNK-dependent mechanism, mediates a proliferative signal rather than a survival signal in SIX2 + NZ cells. Additionally, our data suggest that the kidney phenotype observed in the Bmp7-null mouse derives from a JNK-dependent mechanism ultimately leading to a failure of SIX2 + nephron progenitors to proliferate.
Activated Jun and ATF2 localize to cap mesenchyme in vivo
To investigate the spatial distribution of phosphorylated Jun and ATF2 within the NZ in vivo, we performed immunofluorescence costaining with DBA lectin, marking collecting ducts, on E17.5 wildtype kidney sections. Cap mesenchyme was identified by costaining adjacent sections with PAX2 and DBA lectin (Fig. 5A,AЈ) . Phosphorylated Jun and ATF2 were both localized in nuclei of cap mesenchyme cells (Fig. 5B-CЈ) . Other cell types, including collecting ducts and differentiating nephrons, also displayed nuclear distribution of phosphorylated Jun and ATF2. This is in agreement with the in vitro data showing activation of JNK signaling in SIX2 + cells upon BMP7 exposure.
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Development 136 (21) Reduced proliferation and decreased activation of Jun and ATF2 in Bmp7-null kidneys The phenotype of Bmp7-null mice manifests at or around E14, before which induction and development proceeds relatively normally (Dudley et al., 1995; Luo et al., 1995) . Furthermore, there is no detectable difference in apoptosis between wild-type and Bmp7-null kidneys before E13.5 (Dudley and Robertson, 1997) . To study a potential role for BMP7 as a proliferative factor in vivo before the onset of the overt phenotype, we compared the number of mitotic cells per kidney section from three separate individuals of each wild-type and Bmp7-null genotype at E12.5. The number of mitotic cells within metanephric mesenchyme was significantly reduced in Bmp7-null kidneys, supporting the in vitro findings that BMP7 functions as a proliferative growth factor (Fig. 6A) . Furthermore, immunofluorescence co-staining with anti-phospho-SMAD1/SMAD5/SMAD8 revealed a significant amount of nuclear phospho-SMAD1/SMAD5/SMAD8 in both wild-type and Bmp7-null kidneys (Fig. 6B) , suggesting that a failure to activate SMADmediated signaling is not the causative factor behind the proliferative defect of cap mesenchyme in the Bmp7-null kidney. By contrast, phosphorylation of Jun and ATF2 was severely impaired specifically in cap mesenchyme adjacent to collecting duct tips of Bmp7-null kidneys (Fig. 7A-D) . Activation of Jun and ATF2 was observed in collecting ducts of both wild-type and Bmp7-null kidneys (Fig. 7A-D) , suggesting that other growth factors activate JNK signaling in cells of the collecting duct lineage. Collectively, these data confirm that BMP7 is required for proliferation and proper activation of Jun and ATF2 in cap mesenchyme, whereas phosphorylation of SMAD1/SMAD5/SMAD8 remains independent of BMP7.
DISCUSSION
To date, the signaling mechanisms through which BMP7 acts to maintain nephron progenitors have not been elucidated in detail, and the precise target cell of BMP7 has furthermore remained undefined. Using a BMP-reporter mouse, we recently demonstrated that the NZ is essentially unresponsive to SMAD-mediated transcription in vivo (Blank et al., 2008) . Owing to the strong effect of Bmp7 inactivation on nephron progenitor maintenance, this surprising finding prompted us to investigate whether BMP7 acts through a SMAD-independent signaling mechanism in the NZ. The most extensively described alternative pathway downstream of TGF and BMP is activation of MAPK signaling through TGF-activated kinase 1 (TAK1) (Yamaguchi et al., 1995) . Activation of p38 and JNK pathways have both been reported downstream of TAK1 (Hanafusa et al., 1999; Shirakabe et al., 1997; Yamaguchi et al., 1995) , and immortalized 3563 RESEARCH ARTICLE BMP7 in the nephrogenic zone Tak1 mutant embryonic fibroblasts exhibited impaired phosphorylation of JNK (Shim et al., 2005) . Mice deficient in Tak1 die at mid-gestation (Jadrich et al., 2006; Shim et al., 2005) , precluding analysis of TAK1-mediated signaling in metanephric kidney development. However, TAK1 is expressed in the NZ of the developing kidney, suggesting that activation of MAPK signaling downstream of BMPs might occur in this region of the kidney (Jadrich et al., 2003) (and this study). Previous work by Hu and colleagues indicate that BMP7 can activate p38 signaling in collecting duct cells in vitro (Hu et al., 2004) . Similarly, conditional deletion of Bmp7 using a podocyte-specific Cre, resulted in defective p38 signaling, but no effect on phosphorylation of SMAD1/SMAD5/SMAD8 was observed (Kazama et al., 2008) . Using our primary cell purification system, we found no evidence that BMP7 activates p38 in the NZ. Instead, several JNK isoforms were rapidly phosphorylated in response to BMP7, resulting in downstream phosphorylation of both Jun and ATF2. Importantly, we show that TAK1 is required for efficient activation of JNK in response to BMP7. SIX2 immunostaining shows that JNK activation takes place directly in the nephron progenitor compartment, indicating that these cells indeed do respond directly to BMP7. Interestingly, phosphorylated forms of the JNK-activated transcription factors Jun and ATF2 are both localized to cap mesenchyme in the developing E17.5 kidney. Furthermore, E12.5 Bmp7-null kidneys displayed sharply reduced JNK-Jun-ATF2 signaling in metanephric mesenchyme compared with the wild type, demonstrating that Bmp7 is required for activation of this signaling axis in nephron progenitors in vivo. Interestingly, phosphorylation of Jun or ATF2 does not appear to be significantly reduced in collecting duct cells of Bmp7-deficient embryos, suggesting that other growth factors function to activate the pathway in this cellular compartment.
JNK protein kinases are encoded by three genes: Jnk1, Jnk2 and Jnk3. Mice lacking genes encoding individual JNK family members are viable, but compound mutants of Jnk1 and Jnk2 exhibit defects in neural tube closure and brain abnormalities and die at midgestation (Kuan et al., 1999; Sabapathy et al., 1999) . Interestingly,
Jnk1
-/-Jnk2 +/-mutants develop to term but exhibit a number of developmental defects, including deformed renal epithelial cells and nephrons (Weston et al., 2003) . The majority of mutant animals die within 48 hours of birth, presumably because of kidney defects. There is thus a clear precedent for the role of JNK in kidney development, and further analysis of JNK compound mutants conditionally deleted within cap mesenchyme comprises an interesting area for future research.
A role for BMP7 as a proliferative factor and as a survival factor have both been proposed, but never distinguished from each other. Our data indicate that BMP7 promotes proliferation of NZ cells in culture through a signaling mechanism dependent on both TAK1 and JNK. Importantly, the majority of proliferating cells reside within the SIX2 + compartment, confirming that BMP7-induced JNK activation directly promotes proliferation of nephron progenitors. A role for JNK signaling in proliferation is well established in vitro: MEF cells deficient in both Jnk1 and Jnk2 exhibit decreased proliferative capacity (Tournier et al., 2000) . Similarly, primary embryonic fibroblasts derived from Jun-null embryos display greatly reduced growth in vitro, indicating that Jun might mediate the proliferative signal downstream of JNK1 and JNK2 (Johnson et al., 1993) . In vivo, Jun deficiency results in mid-gestation lethality before formation of the NZ (Hilberg et al., 1993; Johnson et al., 1993) , and the role of this transcription factor in nephron progenitor maintenance has not been studied. However, conditional deletion of Jun in the liver results in impaired hepatocyte proliferation and decreased liver regeneration upon partial hepatectomy (Behrens et al., 2002). Interestingly, conditional deletion of Smad4 specifically in Bmp7-expressing cells does not lead to impaired proliferation in the developing kidney (Oxburgh et al., 2004) , implying that BMP7-mediated SMAD signaling is unlikely to be responsible for the proliferative defect observed in the Bmp7-null kidney. Furthermore, podocyte-specific deletion of Bmp7 results in a growth defect of nephrons and a reduction in Ki67 + proliferating cells in proximal tubules (Kazama et al., 2008) . BMP7 thus appears to promote proliferation in several cell types during kidney development. An interesting avenue for future studies will be conditional deletion of Tak1 and Jun in the SIX2 + compartment. D-type cyclins function to couple extracellular signals to the cell cycle machinery, and are induced by growth factor stimulation in early G1 (Sherr, 1995) . Our data show that cyclin D3 is upregulated at the protein level by BMP7 through a JNK-dependent mechanism in vitro. Interestingly, Jun has previously been linked to regulation of cyclin D1 expression (Bakiri et al., 2000) . JNK-dependent accumulation of cyclin D3 upon BMP7 stimulation is therefore probably dependent on Jun, although the exact mechanism for this remains to be determined.
Recently, Brunskill and colleagues published a comprehensive atlas of gene expression within the developing mouse kidney (Brunskill et al., 2008) . We compared expression of components of the BMP signaling pathway between cap mesenchyme and renal vesicle, the first morphologically distinct stage of nephron differentiation. Interestingly, Jnk2 was downregulated as cap mesenchyme progressed through the renal vesicle stage. By contrast, expression of Id4 and Bambi, known SMAD-responsive BMP target genes, increased as cells advanced to the renal vesicle stage. This corroborates our findings, and indicates that there might be a qualitative switch in the response to BMP stimulation from JNKmediated signaling to SMAD-mediated signaling in the transition from nephron progenitor to differentiated renal vesicle (Fig. 8) . This is furthermore reflected in in vivo BMP reporter activation: SMADdependent transcription is silent in cap mesenchyme, but increases in strength from the renal vesicle stage onwards (Blank et al., 2008) .
Although we could not detect a robust transcriptional response of Id1 upon BMP7 stimulation, our data does not exclude alternative functions of SMAD proteins within the progenitor compartment. We found that SMAD1/SMAD5/SMAD8 could be activated in NZ cells in vitro following BMP7 stimulation, but that this did not lead to transcriptional activation. This data is in agreement with immunostaining of E17.5 kidneys showing weak activation of SMAD1/SMAD5/SMAD8 in the NZ but no downstream transcriptional response as analyzed in the BMP reporter mouse. Whether SMAD and JNK signaling pathways cooperate or negatively regulate each other remains to be investigated, but such a mechanism has been shown for SMAD2 (Pessah et al., 2001) and it is conceivable that a similar mechanism is in place for SMAD1/SMAD5/SMAD8.
In summary, we have analyzed the signaling mechanism, target cells and functional significance of BMP7 during kidney development. We show that BMP7 functions to activate the JNKJun-ATF2 signaling axis directly in SIX2 + cap mesenchyme, leading to a proliferative signal through upregulation of cyclin D3.
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